Pleistocene deposits exposed along the coast of the Médoc area, south-west France, represent valuable palaeoenvironmental archives that have been the subject of extensive work in the past few decades. To further understand the palaeoenvironmental history and sedimentary dynamics of these deposits, a detailed lithostratigraphic study was performed on a series of new sections. Additionally, new chronological data were obtained from the combination of luminescence (OSL, IR-RF) and electron spin resonance (ESR) dating of quartz and feldspar grains (Kreutzer et al., 2018) . The investigated sections comprise estuarine, lacustrine and peaty deposits (Négade Formation, Argiles du Gurp Formation), aeolian sands (Sables du Gurp Formation) and colluvial units (Grès de l'Amélie Formation). The Argiles du Gurp Formation, in which many remains of Palaeoloxodon antiquus were found, support the hypothesis of a progressive replacement of a tide-influenced marsh by a peaty fresh-water pond during the Holsteinian Interglacial (MIS 11). IR-RF dating of green estuarine clays at L'Amélie, in the northernmost part of the investigated area, strongly suggests that they do not belong to the Argile du Gurp Formation, but were deposited during the MIS 9 sea level highstand. The estuarine deposits are overlain by sandsheets (Sables du Gurp Formation) dated to MIS 10 and MIS 8 at Pointe de la Négade in the southern part of the study area, and to MIS 8 at L'Amélie. Syngenetic frost cracks testify to a periglacial depositional environment. Regional studies show that the Sables du Gurp Formation is a local equivalent of the Sables des Landes Formation, and corresponds to the oldest aeolian phase recorded in south-west France so far. Colluvial material (Grès de l'Amélie Formation) dated to the Weichselian pleniglacial (MIS 2) fill small palaeo-valleys incised in the Sables du Gurp Formation. Holocene coastal dunes cover the whole sequence.
-INTRODUCTION
Médoc is a 80 km long peninsula located in the north of the Aquitaine basin, bounded by the Atlantic Ocean to the west, the Gironde estuary to the east and the Arcachon-Bordeaux axis to the south ( fig. 1 ). Along the Atlantic, the coast is bordered by a quasi-continuous Holocene dune field whose height can reach up to 40 m. Pleistocene deposits have been identified since 1875 beneath the Holocene dunes following the discovery of a mandible of fossil elephant (Gassies, 1875; DulignonDesgranges, 1877 ). Since then, many studies have been dedicated to the description of the geological formations outcropping along the coast (Welsch, 1911; Fabre, 1936 Fabre, , 1939 Paquereau & Schoeller, 1959; Elhaï & Prenant, 1963; Dubreuilh, 1971; Dubreuilh et al., 1971; Dubreuilh & Marionnaud, 1973; Diot, 1999; Tastet, 1999) . These studies were the subject of a lithostratigraphic synthesis by Dubreuilh (1971) , and more recently by Tastet (1999) , but only few numerical ages were available at that time. New elephant remains were discovered in 1994 and 2000 in the "Argile du Gurp" Formation and attributed to the taxon Palaeoloxodon antiquus (Beauval et al., 1998; Michel, 2002) . At the same time, the pollen analysis of the lower part of the sequence allowed reconstruction of the depositional environments (O'Brien & Jones, 2003) . However, the chronologies proposed following these studies remain contradictory.
As part of the LITAQ project led by F. Verdin and F. Eynaud, we carried out new field analyses and numerical dating of the Pleistocene lithostratigraphic units using Electron Spin Resonance (ESR) and luminescence dating (OSL, IR-RF) methods on quartz and feldspar grains (see Kreutzer et al., 2018 for further detail). The re-investigation of the sequence benefited from (1) the current erosion of the coastline, which exposes the Pleistocene and Holocene formations along a cliff, and (2) a previous chronostratigraphical reassessment of the aeolian "Sable des Landes" Formation which develops inland over wide areas (Bertran et al., 2009 (Bertran et al., , 2011 Sitzia, 2014; Sitzia et al., 2015) .
Our contribution aims at further constraining the palaeoenvironmental and chronological framework of the sedimentary sequence. Therefore, we (1) propose a synthesis of the geological data currently available for the northern Médoc coast, (2) establish a chronostratigraphic framework for the Pleistocene formations, and (3) replace the updated depositional sequence within the Quaternary history of the Aquitaine basin.
-GEOGRAPHICAL AND GEOLOGICAL SETTING
Since the Miocene, the Aquitaine basin has been filled by fluvial and deltaic deposits fed by the Massif Central 
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Left: location of the boreholes used for the sections shown in figures 2 and 4. Dz -coastal dunes ; NF2, IV -Sables des Landes Formation (aeolian) ; p3-IV, p3-IV-Br -Belin Formation (plateau alluvium) ; Fva, Fvb, Fxb -Pleistocene alluvium ; Fyb -recent alluvium, coastal marshes.
Fig. 1 : Localisation de la zone étudiée et carte géologique harmonisée à 1/50 000 du Médoc (infoterre.brgm.fr). A gauche : localisation des sondages utilisés pour les coupes illustrées sur les figures 2 et 4. Dz -dunes côtières ; NF2, IV -Formation du Sables des Landes ; p3-IV, p3-IV-Br -Formation de Belin (alluvions des plateaux) ; Fva, Fvb, Fxb -alluvions pléistocènes ; Fyb -alluvions récentes, marais côtiers.
and the Pyrenees (Vigneaux, 1975; Dubreuilh et al., 1995) . The continental deposits were studied in detail by Dubreuilh et al. (1995) who distinguished five sequences prograding towards the north, (1) the Sables Fauves Formation and Glaises Bigarrées Formation (sequence 1, Miocene), (2) the Arengosse Formation, Solferino and Mézos members (sequences 2 and 3, Pliocene), (3) the Onesse Formation (sequence 4, basal Lower Pleistocene), (4) the Belin Formation (sequence 5, Lower Pleistocene). A reconstruction of the palaeogeographical evolution of the basin fill from borehole sections (Dubreuilh et al., 1995; Karnay et al., 2010) shows a gradual northward migration of the depocentre, from sequence 1 to 5. During the Lower Pleistocene, the geometry of the most recent sequence (Belin Formation) foreshadows the current Garonne valley. The Belin Formation extends over most of the Medoc peninsula with the exception of the northernmost part. Incision of the fluvial system began during the Lower Pleistocene. Valley deepening and terrace formation were accompanied by the migration of the palaeo-Garonne to the northeast. During the Middle and Upper Pleistocene, the Médoc area appeared as a "plateau" inclined towards the Atlantic Ocean, devoid of topographic obstacles and poorly drained. This topography enabled widespread deposition of aeolian coversands (Sables des Landes Formation sensu lato, Legigan, 1979; Sitzia et al., 2015) . The main source for the sands was the continental shelf which emerged during glacial sea-level lowstands. During the Holocene, the aeolian accumulation was limited to coastal dunes, while mud and peat deposition took place simultaneously in estuarine marshes.
-MATERIAL AND METHODS

-GEOLOGY
The geographical area covered by this study extends along the coast between Soulac-sur-Mer to the north and the Anse du Gurp to the south. It has been divided into sub-zones (Clavé, 2001) , which include, from south to north, Anse du Gurp, Pointe de la Négade, La Balise, L'Amélie. Behind the beach, the Holocene dunes and the underlying Pleistocene formations are eroded into a 4-5 m high cliff. The main observations and measurements were carried out during field campaigns in 2014 on four main profiles. The deposits located below the beach sands, however, were only observed in trenches. The altitude of some target spots was determined from topographic surveys carried out using a Terrestrial Laser Scanning (Riegl VZ400) at L'Amélie and Pointe de la Négade. The point clouds were georeferenced from reflective targets randomly positioned in the field and surveyed with DGPS (TopCon Hyper V) with an absolute precision of ± 5 cm. All these data were recorded in the Lambert 93 projection system (EPSG-2154) and connected to the French (NGF) levelling system using a standard procedure of GPS data post-processing based on the permanent network of the Institut Géographique National (IGN).
Additional information was obtained from borehole data stored in the Banque du Sous-Sol (BSS) of the Bureau des Recherches Géologiques et Minières (BRGM) (http:// infoterre.brgm.fr/). The map of alluvial formations was extracted from the harmonised geological map of France (scale 1:50000; http://infoterre.brgm.fr/). The dataset was integrated using a Geographical Information System (ESRI ArcGIS). The Aster Digital Elevation Model (DEM) with a horizontal resolution of 30 m (http://gdem. ersdac.jspacesystems.or.jp/) was used. Bathymetry data were obtained from the European Marine Observation and Data Network (EMODnet) database available online (http://www.emodnet-hydrography.eu/). Finally, the IGN Cartage database (http://professionnels.ign.fr) was used for the hydrographic network.
Grain-size analysis was carried out in the PACEA laboratory (Université de Bordeaux) using a Horiba LA-950 laser particle size analyser. Sample pre-treatment included suspension in sodium hexametaphosphate (5 g/l) and hydrogen peroxide (35 %) for 12 h, and 60 s of ultrasonification in the analyser to achieve optimal dispersion. The Mie solution to Maxwell's equations provided the basis for calculating particle size as recommended by the ISO committee (Jones, 2003; ISO, 2009) , using a refractive index of 1.333 for water and 1.55i -0.01i for the particles. Additionally, large thin sections were prepared from undisturbed blocks of sediment vacuum-impregnated with a polyester resin following the method described by Guilloré (1980) .
-CHRONOLOGY
The chronological framework was established by combining luminescence and ESR dating methods. Six sediment samples were initially collected for luminescence dating purpose (BDX16646 to BDX16651) and were processed at the luminescence dating laboratory of the IRAMAT-CRP2A in Bordeaux, France. The samples were taken from previously prepared sections under daylight conditions using opaque steel cylinders. Sample preparation followed standard procedures (e.g. Preusser et al., 2008) for coarse-grained quartz and feldspar (100-200 µm). Among the six samples, three (BDX16649, BDX16650 and BDX16651) were also used for ESR dating. The analyses were carried out at the Geochronology facilities of the Centro Nacional de Investigación sobre la Evolución Humana (CENIEH, Burgos).
Optically stimulated luminescence (OSL) ages for quartz grains from samples BDX16646 and BDX16651 were determined using an adapted single aliquot regenerative (SAR) dose protocol (Murray & Wintle, 2000) . Age estimates from potassium-rich coarse feldspar grains of samples BDX16647, BDX16648, BDX16649 and BDX16650 were obtained from modified infrared radiofluorescence (IR-RF; Trautmann et al., 1999; Erfurt & Krbetschek, 2003) SAR protocol following the procedure described by Frouin et al. (2017) . The ESR dating followed the multiple centres (MC) approach (Toyoda et al., 2000) and the standard multi-grain Multiple Aliquots Additive Dose (MAAD) method as described in Duval et al. (2017) . Following the recent conclusion by these authors, only the ESR age results based on the Ti-H signals are presented in this study. A detailed comparison of the results derived from each centre may be found in Kreutzer et al. (2018) .
For dose rate determination, gamma-dose rate was measured in situ using a portable gamma-ray spectrometer (Inspector 1000, LaBr probe; procedure: Mercier & Falguères, 2007; Guérin & Mercier, 2011) . U, Th and K concentrations were obtained by high-resolution gamma-ray spectrometry analyses of raw sediment at the IRAMAT-CRP2A. DRAC software (v1.2; Durcan et al., 2015) was used for age and dose rate calculations (see Kreutzer et al., 2018 for further details). The gamma-ray spectrometry results were analysed using self-written (unpublished) MS Excel TM spreadsheets. Luminescence data were analysed using the R package 'Luminescence ' (v0.7.4; Kreutzer et al., 2012 Kreutzer et al., , 2017 .
-RESULTS
-GENERAL PATTERN OF THE QUATERNARY FORMATIONS IN THE NORTHERN MÉDOC AREA, DATA FROM THE LITERATURE
At the scale of Médoc as a whole, the main lithostratigraphic units distinguished by the authors include, from the oldest to the most recent ( fig. 1 ):
(1) At the base, the Tertiary marine substratum is mainly composed of Upper Eocene to Oligocene limestones (Dubreuilh & Marionnaud, 1973; Vigneaux, 1975) , which dip a few degrees towards the ocean. Eocene limestones are visible below water a few hundred metres off Pointe de la Négade between -6 m and -22 m (Froidefond et al., 1984) . The limestone is strongly karstified (Courrèges, 1997) .
(2) Fluvial and fluvio-deltaic deposits (Dubreuilh et al., 1995; Karnay et al., 2010) with thicknesses ranging from 5 m to 30 m. They comprise silty clay, interpreted as belonging to the upper Onesse Formation (basal Lower Pleistocene), then sand with small whitish gravel typical of the Belin Formation (Lower Pleistocene). This unit, denoted p3-IV on the harmonised geological map, crops out in the southern area and forms the frame of the Médoc plateau.
(3) Gravelly terraces bordering the Garonne plain. The 1:50000 geological map reveals four levels above the estuarine marshes, noted Fva (the highest), Fvb, Fxa and Fxb (the lowest). This terrace staircase marks successive stages of river downcutting since the Lower Pleistocene ( fig. 2) . No numerical dating is available so far to estimate the age of the alluvial deposits. Detailed mapping in the Margaux-Arsac area by Tastet and Becheler (2012) showed, however, that the number of terraces is probably higher than that shown on the 1:50000 geological map. These authors identified six levels (T1 to T6 from the oldest to the youngest) below the plateau alluvium (Belin Formation).
(4) Aeolian sands (Sables des Landes, noted NF2 on the geological map) covering almost all of the alluvial formations. Their thickness locally exceeds 10 m and decreases towards the east, to give way to ventifact lags on the higher terraces. According to Sitzia et al. (2015) , the coversands are mainly fed by deflation of the continental shelf during cold phases of the Middle and Upper Pleistocene. Infrared Stimulated Luminescence dating of feldspars (IRSL) at Jolles near Hourtin provided a minimum age of 231 ± 19 ka (Sitzia et al., 2015) . The Hourtin sequence thus shows that sand drifting was active inland in Médoc at least as early as MIS 8. Older ages, contemporaneous with MIS 10, were also obtained further south on coversands near Bordeaux (Sitzia et al., 2015) .
(5) Holocene coastal dunes, noted Dz on the geological map, 5 to 9 km in width. The 14 C dates obtained on palaeosols within the sands (Tastet, 1998; Clavé, 2001 ) and the IRSL dates on sand layers (Clarke et al., 1999 (Clarke et al., , 2002 Clavé, 2001) show that dune emplacement started at 3.6 ka for the Dune du Pilat near Arcachon south of the study area, and later in Médoc to the north (1.3 ka). Two generations of coastal dunes are currently visible in the landscape. The oldest consisting of overlapping parabolic dunes ("primary dunes") has delivered 14 C ages between 1.3 ka and 0.9 ka, while the youngest ("modern dunes") dates to the Little Ice Age (0.5 to 0.25 ka). The modern dunes include parabolic dunes, barchans and coalescent barchans.
(6) Holocene marsh sediments along the estuary. Recent palaeoenvironmental studies (Diot & Tastet, 1995; Ponte et al., 1998; Clavé, 2001; Coquillas et al., 2006) have mapped the marshes and their Holocene evolution. 
-MAIN LITHOSTRATIGRAPHIC UNITS VISIBLE ALONG THE COAST
In his synthesis, Tastet (1999) distinguished five main lithostratigraphic units outcropping along the coast. Our field survey led to similar observations, except for unit 1. Consequently, apart from one case, the name of these units was kept throughout the manuscript. Four typesections illustrate the diversity of the lithofacies and the lateral changes ( fig. 3 ).
-Unit 1: Négade Formation
As indicated by Dubreuilh (1971) , the Négade Formation is only sporadically visible on the foreshore during exceptional episodes (highest tides, storms) and in a limited geographical area (Pointe de la Négade). According to Dubreuilh (1971) and Tastet (1999) , the unit consists of laminated clay with mollusc shells, overlain by clayey sand and gravel with planar cross bedding (hydraulic dunes). The total thickness of the unit is approximately 1.0 m (Dubreuilh, 1971) . The stratigraphical relationship with the mapped alluvial terraces in the area remains difficult to determine. The section proposed in figure 4 , based on the borehole data from the BRGM database, suggests that the Négade Formation is likely to be a lateral equivalent of (or lies unconformably over) the Fxb alluvial terrace. Multi-proxy analysis (pollen, plant macrofossils, dinoflagellates, beetles) has been carried out by O'Brien and Jones (2003) . According to these authors, the pollen assemblages are typical of a brackish marsh with episodic freshwater inputs, and correspond to an interglacial. The taxa Tsuga and Pterocarya suggest this interglacial to be either the Tiglien (MIS 79-63) or the Waalien (MIS 49-37), or else the Bavelian (MIS 31-22). Only part of the interglacial has been recorded in the deposits.
-Unit 2a: Argiles du Gurp
This formation, which is visible in the lower part of the cliff, comprises at the base a level of polygenic pebbles lying unconformably on the Négade Formation ("Poudingue", not visible in the outcrop), followed by laminated grey sandy silts (ca. 1.0 m) and massive green clays with slickensides (0.2 m to 0.8 m) (figs. 5 & 6A). The basal unit (pebble level) covers a major unconformity between the Négade Formation and the overlying Argiles du Gurp, which is interpreted as a surface of marine abrasion. Unlike Tastet (1999) , who included the pebble level within the Négade Formation, we consider it to be part of the Argiles du Gurp. The laminated sandy silts are interpreted as flaser bedded tidal deposits (Reineck & Singh, 1980) . According to O' Brien and Jones (2003) , the pollen assemblages yielded by samples taken at La Balise, Pointe de la Négade and Anse du Gurp evoke a brackish pond or an estuarine channel. The presence of aquatic plants such as Azolla filiculoides and Najas minor indicate deposition in a low-energy environment with episodic freshwater inputs (Haslam et al., 1982) . The site was bordered by abundant vegetation and alder swamps, while the regional forest was dominated by oak (Quercus) and fir (Abies).
The overlying massive greenish clays correspond to pond deposits. At Pointe de la Négade, the top of these clays reaches ca. + 3.4 m a.s.l. According to the pollen assemblages, the marine influence decreases from the bottom to the top of the unit, which records the passage from a tide-dominated environment to a freshwater pond with abundant Azolla filiculoides (O'Brien & Jones, 2003) . This change is also accompanied by a change in the regional vegetation, which is dominated by pines at the expense of oaks and firs. According to the authors, this indicates disconnection of the water body with the sea, either linked to the natural evolution of the system or to sea-level lowering. Alder swamps occupy a prominent place while an increase in grass reflects the development of meadows near the freshwater pond.
On the section illustrated in figure 4 , the Argiles du Gurp and the overlying sand units overlay unconformably the Fxb terrace and the Négade Formation, and fossilise an old cliff cut into the alluvium.
-Unit 2b: Lignite
The "Lignite", i.e. the upper member of the Argiles du Gurp Formation, corresponds to organic clay or fibrous, sometimes sandy peat with plant debris and tree trunks ( fig. 7) . The unit overlies the clay and reaches 0.1 m to 0.4 m in thickness. According to O'Brien and Jones (2003) , the freshwater pond was progressively colonised by a reed bed dominated by sedges. The regional arboreal vegetation was almost exclusively composed of pines and points to the end of an interglacial, which can be assimilated to the Holsteinian (MIS 11) or possibly to the Landos (MIS 9) or that of Bouchet 1 (MIS 7).
-Unit 3: Sables du Gurp
The deposits, which are 3 m thick at La Balise and about 5 m thick in the Anse du Gurp area, comprise the following lithofacies:
(1) Grey to pale yellow medium sands (mode ranging from 300 µm to 415 µm) with subhorizontal bedding (fig. 8) . The sands are interstratified with bluish grey sandy silt beds a few centimetres thick and decreasing in frequency towards the top of the sections. Small ventifacts are present locally. The silty beds sometimes show involutions underlined by iron oxides. Under the microscope, a well-developed platy structure due to the formation of segregation ice is visible ( fig. 6B, C) . The sand beds are massive or have subhorizontal, often wavy or crinkly lamination, and show frequent inverse grading. The 20 cm to 60 cm thick transition with the underlying peat is progressive and composed of sand beds interlayered with organic clayey beds. This level is strongly involuted (Bertran et al., 2017) (fig. 9A) . In some sections, the lower part of the sand below the involutions is indurated and coloured brown by illuviated organic matter. The indurated levels were named "Sables aliotisés" by Tastet (1999) .
(2) Clayey sands with small gravels scattered or arranged in lenses. This lithofacies forms decimetre-thick layers which are rare at the Anse du Gurp but become more abundant at La Balise to the north.
A major unconformity cuts the Sables du Gurp Formation into two distinct members. At Pointe de la Négade, the unconformity corresponds to an erosional surface cutting the lower member at low angle and covered by a gravel lag. The lower member is composed of massive brown sand, involuted sand and clayey organic beds, followed by subhorizontally bedded sand. To the south at Anse du Gurp, the erosional surface is covered by a layer of grey sandy clay about 40 cm thick, followed by a thick sequence A -Horizontally bedded sand, Pointe de la Négade; a level of bluish grey sandy silt with scattered gravel is visible in the lower part of the photo; B -Sand and silty sand with wavy bedding and a small frost crack, Anse du Gurp; C -inverse grading (indicated by white arrows), Anse du Gurp; D -Sables du Gurp (2) eroded by lenticular gravel levels (1) ("Grès de l'Amélie"), L'Amélie. Fig. 8 of subhorizontally bedded sand. At L'Amélie, on the other hand, the upper member rests directly on the basal clay. The unconformity thus reflects an undulating palaeotopography which is similar to that which shapes the upper member.
Many fissures are visible in the sand. They form either (1) structures a few centimetres wide and 0.5 m to 0.7 m high, with spacing that indicates that they form polygons of approximately 1 m diameter ( fig. 9B ), (2) structures up to 3 m high, a few centimetres wide and forming a series of encased funnels in the upper member of the Sables du Gurp (fig. 9C ) or (3) sand wedges 15 cm wide and 1.5 m high, with their opening at the top of the Sables du Gurp Formation. The first two types of structures are interpreted as (cryo-)desiccation or thermal contraction cracks in the context of deep seasonal frost (Friedman et al., 1971; Romanovskij, 1973; Murton, 2013) , either epigenetic or syngenetic, i.e. they resulted from repeated cracking of the ground during sedimentation. The sand wedges are epigenetic figures related to thermal contraction of the ground, possibly in a deep seasonal frost or permafrost context (Andrieux et al., 2016) .
The Sables du Gurp Formation was observed from Anse du Gurp to L'Amélie to the north. According to Dubreuilh (1971) , Dubreuilh and Marionnaud (1973) and Tastet (1999) , the sands would have had a fluvial origin and were called "Formation des Sables Fluviatiles". For Sitzia (2014) and Sitzia et al. (2015) , these deposits would be dominantly of aeolian origin. They were initially named "Sables de l'Amélie". However, since the deposits are more visible in the Anse du Gurp sector, we propose here to rename them "Sables du Gurp". The deformation observed in the lower part of this formation can be easily followed along the coast and constitutes a benchmark horizon ( fig. 8C ). The involutions were identified by Dubreuilh (1971) and Tastet (1999) who attributed them to cryoturbation. New observations at Anse du Gurp (Sitzia, 2014), Pointe de la Négade and La Balise have provided some additional information. The thickness of the deformed zone is approximately 60 cm. The morphology of the involutions varies considerably according to the section, and comprises sand diapirs, flames and large folds. According to Sitzia (2014) , such deformation may reflect co-seismic liquefaction of the sands. However, the abundant traces of segregation ice lenses (platy structure) in fine-grained layers and the sand wedges strongly suggest that periglacial processes were most probably the triggering factors of deformation (periglacial load casting, Vandenberghe, 2013) (Bertran et al., 2017) .
-Unit 4: Grès de l'Amélie
This unit, which reaches 1 m to 1.2 m in thickness, is exposed at the bottom of gullies or small valleys incised in the Sables du Gurp in the northern part of the study area. The lithofacies mainly consists of compact bluish grey clayey sands with scattered gravels and lenticular bedding ( fig. 10 ). Better sorted and laminated sand beds are also intercalated within the coarser-grained lenses. These levels are locally deformed by involutions of smaller amplitude than those described in the Sables du Gurp Formation. The upper and lower limits correspond to erosional surfaces.
-Unit 5: Holocene dunes
Holocene dunes cover all the local Pleistocence deposits. Two major types of lithofacies were observed: (1) pale grey sand of 0.5 m to 2.0 m in thickness at the base, which are mainly massive due to bioturbation, with hydromorphic palaeosols (peaty gleys, histosols) or humic horizons (arenosols) interstratified within the sands (fig. 11A) ; (2) cross-bedded pale-yellow sands, typical of dunes with a well-developed avalanche face and with poorly developed soil horizons (arenosols) (fig. 11B ).
-ELEPHANT REMAINS
Different remains of proboscidians have been discovered since 1875 along the Médoc coast. The first discovery consisted in a mandible of elephant thought to belong to the Lower Pleistocene species Mammuthus meridionalis Nesti (Gassies, 1875; Dulignon-Desgranges, 1877; Welsch, 1911 Welsch, , 1917 . In 1939, Fabre quotes in his synthesis Depéret and Mayet who attributed these remains to Mammuthus meridionalis var. cromerensis, a taxon contemporary to the Forest-Bed of Cromer (Middle Pleistocene, now referred to as M. trongontherii, Lister & Stuart, 2010) . Finally, Dubreuilh (1971) reports that the determination of the remains was reviewed by Prat and Aguirre, who reassigned them to the species Palaeoloxodon antiquus, Falconer and Cautley, 1847. The stratigraphic position of the mandible is well described: it was found within the Argiles du Gurp Formation, either in the green clay (Dulignon-Desgranges, 1877; Welsch, 1917) , or in the overlying peat layer (Fabre, 1939) .
In 1971, Dubreuilh found new remains of P. antiquus in the pebble level at the base of the Argiles du Gurp Formation. Other remains were also discovered in 1994 within a clay level in the area of La Balise. The disposition of the bone elements, in quasi-anatomical connection, testifies that the elephant was coeval with the marsh sediments (Beauval et al., 1998; Tastet, 1999) . The species P. antiquus has been confirmed by a biometric study (Beauval et al., 1998) . The remains were found with a mandible fragment of Dicerorhinus mercki, a species which shares the same biotope as the elephant, i.e. open forests and shrub-land.
The discovery in 2000 of a fragmentary mandible with two molars in the Argiles du Gurp Formation and of another isolated molar (ex situ) provided a new chronological indication. The remains belong to an ontogenetically older P. antiquus than the previous one. According to Michel (2002) , these remains belonged to an antique elephant which may have lived "during the Eemian rather than during the Holsteinian" based on dental features. Recently, remains have been found again in the Argiles du Gurp in 2014 and 2016. They are composed respectively of a higher molar and a tusk fragment belonging to a P. antiquus (Beauval et al., 2019) .
-CHRONOLOGY
The chronological interpretation is based upon different methods and approaches. According to the pollen analysis, the Argiles du Gurp and the Lignite sampled in five locations between La Balise and Anse du Gurp accumulated during an interglacial. After excluding the possibility of a deposition during the Cromerian (MIS 21-13) O'Brien and Jones (2003) favoured the final phase of the Holsteinian interglacial (MIS 11c) from a comparison with the data provided by other French lakes (Reille et al., 2000; de Beaulieu et al., 2001) . The Eemien (MIS 5e) is excluded because of the presence of Azolla filiculoides and the differences with the pollen records in other French regions (Grande Pile : de Beaulieu & Reille 1992; Les Echets : de Beaulieu & Reille, 1984; Velay : de Beaulieu et al., 2001) . However, the authors do not exclude the Landos interglacial (MIS 9e) or the Jagonas interstadial (MIS 11a). The lower member of the Sables du Gurp Formation at Pointe de la Négade has been the subject of new IR-RF and ESR dating (Kreutzer et al., 2018) (Table 1) . The samples yielded ages of 323 ± 44 ka (IR-RF, BDX16649), 220 ± 28 ka (ESR, BDX16649), 330 ± 39 ka (IR-RF, BDX16650) and 390 ± 46 ka (ESR, BDX16650) (Kreutzer et al., 2018) . Assuming a similar bleaching behaviour and that two out of three ESR (Ti-H centres) are slightly older than the corresponding IR-RF ages, the ESR ages for sample BDX166490 appears to be an outlier. Excluding BDX16649-ESR, the ages indicate an interval between the end of MIS 12 and MIS 8 (Lisiecki & Raymo, 2005; Railsback et al., 2015) . The mean age (IR-RF, ESR) of 348 ± 37 ka and the periglacial depositional environment argue for a correlation to MIS 10, which would be in agreement with the pollen-based estimate for the underlying Lignite (MIS 11).
The upper member of the Sables du Gurp Formation has been previously dated using ESR of quartz (Al centre) in 2014 (Sitzia, 2014; Sitzia et al., 2015) . Following the basic principle of the MC approach these ESR ages should in first instance be considered as maximum possible ages in the absence of associated Ti-centre ESR ages (see Duval et al., 2017) . The ESR ages obtained by these authors are highly consistent, 217 ± 17 ka (Gurp_2) and 222 ± 31 ka (Gurp_1), and suggest a deposition during MIS 8 or MIS 7. Nevertheless, the syngenetic frost fissures argue for a periglacial sedimentary context, supporting a MIS 8 age. The new independent age control is found to be consistent with the ESR-Al centre chronology and indicates that the Al signal has most likely been fully reset during sediment transport: the IR-RF age 220 ± 28 ka (BDX16647) obtained for the sands from the base of the filling of a small valley at L'Amélie is indeed similar and corresponds to MIS 8 as well.
The sample collected at the top of the basal green clays at L'Amélie displays an age of 289 ± 34 ka (IR-RF, BDX16648), i.e. MIS 9 -MIS 8. This age is younger than expected for the Argiles du Gurp Formation and cannot fit with MIS 11. Three possibilities can be envisaged to explain such an age: (1) secondary uranium enrichment took place in the form of ions adsorbed on clay or of oxides associated with the ferruginous cement ("Sables aliotisés", Tastet, 1999) (Salminen et al., 2005) and induced significant uncertainty (here overestimation) in dose rate evaluation and an underestimation of the true burial age, (2) the corresponding equivalent dose (1064.1 ± 41 Gy) of the IR-RF signal lays in a dose region previously considered as the upper limit for IR-RF dating (e.g., Erfurt & Krbetschek, 2003) , which would also likely underestimate the true burial dose, (3) the dated green clays do not belong to the Argile du Gurp Formation outcropping farther south (La Balise, Pointe de la Négade and Anse du Gurp) but correspond to MIS 9 estuarine deposits incised in older units. Because of similar depositional contexts and lithofacies and almost similar altitude (top of green clays is +3.4 m a.s.l. at Pointe de la Négade versus +2.2 m a.s.l. at L'Amélie), these clays were mistakenly attributed to a single geological formation. Since the lower member of the Sables du Gurp Formation is missing at L'Amélie, the latter hypothesis is favoured here.
Two OSL dates on quartz were also obtained for the Grès de l'Amélie, which fill in small valleys incised in (1) Mineral: Q = Quartz, FS = K-feldspar (2) Number of measured aliquots (NA = not applicable) (3) Water content used for the age calculation. The value was obtained from simulations using grain size information.
(4) The environmental dose rate includes cosmic and water corrected alpha-, beta-and gamma dose rates. For the ESR age results, an assumed internal dose rate of 0.005 Gy ka-1 was considered.
(5) For the age calculation numbers with a higher precision than those displayed here were used, i.e. the ratio of D E /Ḋ Env may differ due to round-off errors.
the Sables du Gurp Formation. The ages of 26 ± 5 ka (BDX16651) and 26 ± 4 ka (BDX16646) (Kreutzer et al., 2018) are highly consistent and are contemporaneous with the Last Glacial Maximum. By contrast, IR-RF and ESR ages are older than the OSL ages (but indistinguishable within 2-sigma) and are likely to reflect the poor bleaching behaviour of the IR-RF and the ESR signal respectively. Against this background, IR-RF and ESR (Ti-H) would require a conservative interpretation as maximum age. In summary, the luminescence and ESR dating results raise serious doubt about the validity of the radiocarbon ages obtained on the Lignite previously published by Dubreuilh (1971) and Tastet (1999) , all close to 30 ka uncalibrated (29.8 ± 1.7 ka BP, 33.2 ± 1.7 ka BP, 36.45 ± 2.04 ka BP). Following Tastet (1999) , who already considered these ages to be "outside the limits of the 14 C method" and proposed an "age greater than 50,000 years BP, without further details", we believe that these ages must be rejected, finite value being most likely due to the presence of recent illuviated organic matter and incomplete elimination by sample processing. Additional 14 C dates (Eynaud et al., 2016) on wood remains from the Lignite also gave inconsistent 14 C ages (34000 ± 1200 BP and 48000 ± 2900 BP).
The age model retained here for the Pleistocene sequence places the Argiles du Gurp and the Lignite outcropping from La Balise to Anse du Gurp within the MIS 11 interglacial and the Sables du Gurp lower member in the MIS 10 glacial. These sands were truncated during the following interglacial (MIS 9) and new estuarine units (green clay, organic clay) were deposited at L'Amélie. The whole sequence was then covered by the Sables du Gurp upper member in the course of the next glacial, MIS 8. An important hiatus separates these sands from the Grès de l'Amélie, which were deposited during the Weichselian (MIS 2) in small valleys eroding the Sables du Gurp. Late Holocene dunes buried the Pleistocene deposits all along the coast.
-DISCUSSION
-ORIGIN OF THE SABLES DU GURP FORMATION
Many arguments lead to the hypothesis of an aeolian deposition of the sands rather than a fluvial origin, as previously proposed. These arguments, already developed in part by Sitzia (2014) and Sitzia et al. (2015) , include the sedimentary significance of the lithofacies, the geometry of the deposits, and their relationship with the alluvial terraces of the Garonne River. They are as follows:
(1) The dominantly sandy grain-size of the deposits, the horizontal stratification and inverse grading of some laminae are typical of the coversands (sandsheets, Kocurek & Nielson, 1986) observed elsewhere in the region. These coversands, which formed during glacial periods of the Middle and Upper Pleistocene, are associated with low-amplitude dune ridges lacking avalanche faces. The inverse grading reflects the migration of wind ripples (Kocurek & Dott, 1981) , and is unknown in fluvial environments. Wavy, crinkly lamination is interpreted as adhesion features formed by saltation of sand grains on moist ground (Kocurek & Fielder, 1982; Kocureck & Nielson, 1986) . Gleyed silty beds, with a grain-size of loess or sandy loess (Sitzia, 2014) , have been described by other authors in the coversands of northern Europe (Ruegg, 1983; Schwan, 1986 Schwan, , 1988 Kasse, 1997) as well as in southwest France (Sitzia et al., 2015) . They result from the capture by wet ground in interdune areas of fine particles transported in suspension, especially during periods when the sand transport is limited by the development of vegetation. These levels are frequently deformed by frost action because of their contrasting frost-susceptibility in comparison with the sand beds. As in many sections of regional coversands, small scattered gravel clasts are locally present in the sand. They testify to the transport of gravel by storms from outcrops of coarse-grained material. Ventifacts were already reported by Dubreuilh and Marionnaud (1973) . In total, the observed lithofacies indicate an aeolian deposition in a wet environment ("wet coversand") as defined by Kocurek and Havholm (1993) . The decrease in the frequency and thickness of silt levels toward the top of the sequence is interpreted as a trend towards a drier aeolian context due to deepening of the groundwater table. The lack of cross-bedding, current ripples and clay levels makes it possible to exclude fluvial dynamics as the main mode of deposition.
(2) The small syngenetic frost fissures indicate that the upper member of the Sables du Gurp Formation was deposited in a periglacial context, presumably during MIS 8. The presence of sandy fluvial deposits in the study area during the Middle Pleistocene appears inconsistent with the evolution of the Garonne River such as it can be reconstructed from the terrace system. At that time, the river bed was located much farther to the northeast and at lower altitude (i.e. below the current sea level) due to sea-level lowering during the glacial period. This lowering was approximately similar in MIS 10 to that reached during the last glacial period, i.e. close to -130 m (Waelbroeck et al., 2002; Bintanja et al., 2005) . It was a little weaker during MIS 8 (ca. -100 m). Therefore, the presence of relatively coarse (sandy) fluvial deposits in the study area appears difficult to explain.
As a conclusion, the sands correspond to aeolian sandsheet deposits in a wet context with deep seasonal frost and reduced vegetation cover. The gradual transition between the basal peat (Lignite) and the sands suggests that the latter gradually filled the coastal marsh where the Argiles du Gurp formed, following sea-level lowering and the installation of a periglacial environment. In some sections, clayey sands and gravel are interlayered within sands. This lithofacies is interpreted as colluvium that filled interdune depressions (see Langford, 1989) or valleys incised in the aeolian deposits. The difficulty of following the levels over distances of several tens of metres did not allow detailed understanding of the stratigraphic relationships between the aeolian and the colluvium-dominated deposits.
-AGE OF THE ELEPHANT REMAINS
The Pleistocene coastal deposits have yielded several individuals attributed to Palaeoloxodon antiquus. These findings are of great interest because of the scarcity of the remains of this taxon in France (Crochet et al., 1996) . The stratigraphic data collected indicate that all the remains, for which precise location is available, originate from the same formation: the Argiles du Gurp and the Lignite dated to MIS 11. P. antiquus is known in Europe from the early Middle Pleistocene to the Upper Pleistocene. It was adapted to warm humid forests and, consequently, was especially abundant during the interglacials (Guérin & Patou-Mathis, 1996) . P. antiquus was common during the Holsteinian (MIS 11) and the Eemian (MIS 5e). It was present throughout Europe, including in the north (Pushkina, 2007) . At the end of the Eemian, when the climate became colder and the vegetation scarcer, it migrated to refuge areas (Iberian Peninsula, Italy) where it lasted until ca. 50-40 ka, or even up to 34-33 ka (Stuart, 2005; Mol et al., 2007) .
The individuals discovered in the Argiles du Gurp show evolved dental features (high laminar frequency, high hypsodontia, low enamel thickness) according to Aguirre et al. (1973) . For this reason, Michel (2002) assigned the remains to the Eemian rather than to the Holsteinian. However, although these palaeontological criteria make it possible to distinguish the first African elephants from the last individuals before they left Africa, they do not allow distinction between late Middle Pleistocene and Upper Pleistocene individuals. Indeed, the evolutionary trend observed in Africa does not seem to persist beyond 450 ka (Palombo & Ferretti, 2005) , and it seems not to be valid for European fossil elephants (Lister, 2015) . Differentiation between MIS 11 and MIS 5 remains is thus impossible. Rivals et al. (2012) hypothesized that the last fossil elephants would have had a more grazing diet, but this result remain preliminary and does not thus far allow a chronology to be based on this criterion.
As a conclusion, all available palaeontological material (except for a fragmentary mandible of D. mercki) yielded by the Argiles du Gurp Formation is assigned to the species Palaeoloxodon antiquus and was correlated to the temperate MIS 11 interglacial based on independent numerical age control.
-EVOLUTION OF THE DEPOSITIONAL ENVIRONMENTS IN THE MÉDOC PENINSULA FROM THE MIDDLE PLEISTOCENE TO THE HOLOCENE
-The estuarine system (Lower to Middle Pleistocene)
The new field observations coupled with the data from the literature show that the Négade Formation and the lower part of the Argiles du Gurp (MIS 11) were deposited in an estuarine environment connected to a high sea level. These two formations belong to distinct interglacials separated by a sedimentary hiatus that covers several hundreds of thousands of years or even nearly a million years. This hiatus corresponds to a surface of marine abrasion, presumably associated with the MIS 11 sea-level maximum (6 to 13 m a.s.l., Spratt & Lisieki, 2016) . The borehole data suggest that the Argiles du Gurp Formation and the overlying aeolian sands are unconformably lying over the Fvb alluvium of the Garonne River. The surface of marine abrasion continues eastward (i.e. landward) to an old coastal cliff buried by aeolian sands. The top of the Argiles du Gurp shows a change in the sedimentary dynamics with gradual shift from a tidal environment to a freshwater pond (O'Brien & Jones, 2003) . According to pollen analysis, this change is associated with a modification of the regional vegetation. Decreased marine influence indicates isolation of the pond either because of its progressive filling or of sea-level lowering. At the end of the MIS 11 interglacial, the development of a reed bed dominated by sedges (Lignite) testifies to the complete filling of the freshwater pond.
Luminescence dating of estuarine clays at L'Amélie strongly suggests that they were deposited during the MIS 9 interglacial and, thus, correspond to a sedimentary unit distinct from the Argiles du Gurp Formation and so far unrecognised because of strong similarities in lithofacies. This unit ("Argiles de l'Amélie"), which lies unconformably over previous deposits, indicates progressive northward shifting of the Garonne estuary during the Pleistocene. It has to be noted that MIS 11 and 9 correspond to the highest sea levels in the last 800 ka together with MIS 5e (Spratt & Lisieki, 2016) and are equally well represented in the Pleistocene record along the European Atlantic coast (Roe et al., 2009; Barlow et al., 2017) . In the Médoc area, these levels (although probably not corresponding to the interglacial thermal maximum) are roughly at the same altitude as the modern shoreline, suggesting that the regional uplift since the Middle Pleistocene (at least along the Atlantic side of Médoc) was limited unlike in many parts of western Europe (Bridgland, 2000; Bridgland & Westaway, 2008) . Some 120 km farther south, Klingebiel and Legigan (1992) showed that the basin centre is currently undergoing subsidence by about 0.5 mm yr -1 .
-The aeolian system (Middle to Upper Pleistocene)
At the beginning of MIS 10, in connection with the development of periglacial conditions and the ensuing reduction of vegetation cover, the filling of the coastal ponds ends with the deposition of aeolian sands (lower member of the Sables du Gurp Formation). The lithofacies indicate that the groundwater table was close to the surface, at least seasonally, and periodically allowed the capture of wind-blown dust in wet depressions.
The new OSL, IR-RF and ESR dates unambiguously show that the emplacement of the aeolian deposits preserved along the coast occurred during different isotopic stages, mainly during the glacial periods (with the exception of the Late Holocene dunes). The ages obtained on the Sables du Gurp Formation indicates that it is not homogeneous, but was most likely formed during two successive glacials, MIS 10 and 8.
The hiatus between the two units is marked by an unconformity overlain by ventifacts, or locally by a sandy clay colluvium. This unconformity reflects incision of deposits by small valleys and gullies. The valleys which cut the Sables du Gurp upper member, filled with colluvium dated to MIS 2, were identified previously by many authors (Fabre, 1939; Dubreuilh, 1971; Tastet, 1999) and were correlated by Tastet to the hydrographic system which drains the Médoc peninsula towards the Garonne.
At the regional scale, sandsheets similar to the Sables du Gurp have been described in many sections in the Plateau Girondin, south of the Médoc region (Sitzia, 2014 , Sitzia et al., 2015 . Numerical ages show that they are Middle to Upper Pleistocene and range from MIS 10 to MIS 3. The coversands were deposited either in moist (adhesion ripples, silty layers, especially during MIS 3) or dry context (sands with subhorizontal bedding). The lack of recent ages (i.e. MIS 2) on the Plateau Girondin was explained by Sitzia et al. (2015) as being related to the remoteness of the coastline during the Last Glacial Maximum (LGM). The shoreline at -120 m was located more than 160 km west of the Pointe du Médoc during the LGM. The coversands which progressed inland from the (now submerged) coast did not reach the currently subaerial part of Médoc. Conversely, in the southern part of the basin, where the coastline at -120 m was only about 40 km from the current shore, thick aeolian formations accumulated during the LGM. A similar pattern seems also to have existed during the penultimate glacial, MIS 6. These coversands, increasing in thickness toward the ocean, constitute the Sables des Landes Formation sensu lato. The Sables du Gurp Formation must, therefore, be considered as a local equivalent to the Sables des Landes.
-CONCLUSION
Detailed lithostratigraphy and numerical dating (ESR, OSL, IR-RF) of new cross-sections make it possible to further constrain the chronology of the Pleistocene deposits outcropping along the coast of the Médoc region, southwest France. The sequence, which unconformably overlays Lower Pleistocene estuarine deposits (Négade Formation), was mainly formed during the Middle Pleistocene. It comprises basal marsh deposits, initially influenced by the tide, then deposited in a freshwater context (green clays and peat of the Argiles du Gurp Formation) during a high sea level corresponding to the Holsteinian interglacial (MIS 11). The proposed depositional environment is that of a pond in an estuarine environment. IR-RF dating of green clay at L'Amélie suggests that an estuarine MIS 9 unit is also preserved in the northernmost part of the study area. The coast was covered during the following glacials by aeolian sandsheets (Sables du Gurp Formation), which represent a local equivalent of the Sables des Landes already described more inland in the Médoc peninsula.
The ages obtained on the Sables du Gurp show that these were mainly deposited during MIS 10 and 8. Deposits corresponding to more recent glacials are virtually non-existent. Only thin layers of aeolian sands and colluvium in small valleys incised in the Sables du Gurp have been dated to the Weichselian (MIS 2).
The chronostratigraphical revision also made it possible to attribute the abundant remains of Palaeoloxodon antiquus discovered in the area to MIS 11. Together, these remains constitute an important collection for the knowledge of this species, which is little represented in the faunal assemblages of the French Pleistocene.
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